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Abstract
Cosmic ray (CR) interactions with the cosmic radiation background are a guaranteed source of high-energy neutrinos.
The most optimistic scenario assumes the dominance of CR protons at ultra-high energies (UHE) that rapidly interact
with the cosmic microwave background above the Greisen-Zatsepin-Kuzmin (GZK) cutoﬀ. The GZK neutrino predic-
tion of this scenario is testable with present and near-future neutrino observatories. On the other hand, if heavy nuclei
dominate the UHE CR spectrum the predictions of GZK neutrinos become smaller by orders of magnitude. I will review
the predictions of diﬀerent UHE CR models and summarize the present status of GZK neutrino searches.
c© 2011 Published by Elsevier Ltd.
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1. Introduction
The origin of cosmic rays (CRs) is a century-old mystery. Their energy spectrum follows a broken
power-law E−γ that spans over many orders of magnitude [1]. Some prominent spectral features are the
knee at 3-4 PeV (γ  2.6 → γ  3.0), the 2nd knee at 100-200 PeV (γ  3.0 → γ  3.3) and the ankle at
4-6 EeV (γ  3.3 → γ  2.6). These features are thought to be related to diﬀerent source populations and
CR propagation eﬀects. Cosmic rays above the ankle reach energies in excess of 100 EeV and are usually
referred to as ultra-high energy (UHE) CRs. The extreme requirements on astrophysical environments to
accelerate CRs to these high energies together with the observed isotropy of the CR arrival directions are
strong indications that UHE CRs originate in distant extra-galactic sources.
Our knowledge of UHE CRs is presently limited due to the low experimental event numbers, the statisti-
cal variation of CR air showers and uncertainties of hadronic interaction models. In particular, the chemical
composition of UHE CRs is uncertain and there seem to be some tension between results from diﬀerent CR
observatories. The results of the Auger collaboration indicate a transition of UHE CRs within the energy
range 1018 eV to 4× 1019 eV from a light spectrum (most likely protons) towards a heavier composition [2].
In contrast, the HiRes and Telescope Array collaborations ﬁnd a mass composition compatible with that of
a proton-dominated spectrum [3, 4].
The propagation of UHE CRs over cosmic distances makes them very susceptible to weak interac-
tions with background radiation and matter as well as the cosmic expansion. In particular, the propagation
distance of UHE CRs above EGZK  50 EeV is limited by photo-hadronic interactions with the cosmic
microwave background (CMB) to a distance of about 100-200 Mpc [5, 6]. Cosmic ray protons interact
resonantly at these energies via the Δ(1232) resonance whereas CR nuclei are photo-dissociated via the
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Fig. 1. The interaction (and decay) rates and energy losses of UHE CR nucleons (left plot) and for high energy γ-rays and elec-
trons/protons in the local Universe (from Refs. [7] and [8]). In the case of electro-magnetic components we show the contribution of
the CMB and the infra-red/optical background separately. See the main text for further details.
giant dipole resonance. The secondary particles produced in these interactions can serve as an additional
multi-messenger probe to study the origin and composition of UHE CRs.
High-energy cosmogenic neutrinos are the neutrinos produced by UHE CR interactions during prop-
agation. These neutrinos are considered a guaranteed neutrino background that follows directly from the
observed spectrum of UHE CRs and the existence of cosmic radiation backgrounds. The observation of
these neutrinos is one of the main goals of present and proposed future neutrino observatories. We will
discuss in the following the relevant aspects of UHE CR propagation in the Universe. We then show how
the ﬂux of neutrinos relates to unknown or poorly constrained quantities like the chemical composition and
evolution of CR sources.
2. Propagation of UHE CR Nuclei
The absence of signiﬁcant event clusters in the arrival direction of UHE CRs (where deﬂections in cos-
mic magnetic ﬁelds are less important) sets a lower limit on their source density of the order of 10−5 Mpc−3 [9].
This corresponds to a typical source separation of less than 75 Mpc - much smaller that the Hubble distance.
To ﬁrst order, the distribution of UHE CR sources can thus be treated as continuous and homogenous. In this
case the evolution of the ﬂux of UHE CR nuclei is governed by a set of (Boltzmann) continuity equations
of the form
Y˙i = ∂E(HEYi) + ∂E(biYi) − Γtoti Yi +
∑
j
∫
dE j γ jiY j +Li , (1)
where Yi is the comoving number density of particle type i related to the physical density ni as Yi = (1+z)−3ni.
We assume a ﬂat ΛCDM universe with Hubble rate H2 = H20(ΩΛ + ΩM(1 + z)
3) with ΩM = 0.3, ΩΛ = 0.7
and H0  70 km s−1 Mpc−1 [1]. Redshift and coordinate time are related as z˙ = −(1 + z)H. The ﬁrst two
terms on the r.h.s. of Eq. (1) describe energy loss via cosmic expansion and other continuous energy losses
deﬁned via bi = −dE/dt. The third and forth term describe particle losses via inelastic interactions with total
rates Γtoti and generations j → i via diﬀerential interaction rates γ ji. The last term Li denotes the comoving
emission rate density of particle type i. The detailed derivation of the interaction rates and energy losses
from a given photon background is discussed in Refs. [7, 10].
The relevant interactions for UHE CR nuclei during propagation are interactions with the cosmic ra-
diation backgrounds. Besides the CMB their are also infra-red to ultra-violet contributions at higher ener-
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gies [11] as well as radio backgrounds at lower energies [12] from the emission of stars and (active) galaxies.
The left panel of Fig. 1 shows a summary of interaction and energy loss rates in the simplest case of UHE
CR protons. At energies of the CR ankle the dominant interaction is continuous energy loss via Bethe-
Heitler pair production [13] in the CMB. This process is a coherent interactions of the UHE CR nucleons.
Compared to the proton case with energy loss bp(z, E) the loss of heavy nuclei with mass number A and
charge Z scales as bA(E)  Z2bp(E/A).
At higher energies the propagation of UHE CR nuclei is dominated by photo-disintegration [14, 15, 16].
This process is dominated by the giant dipole resonance (GDR) with main branches A → (A − 1) + N and
A → (A − 2) + 2N where N indicates the disintegrated nucleons. The resonance lies at about 20 MeV
in the rest frame of the nucleus, corresponding to a CR energy of E  2 × 1010/meV GeV, where meV is
the background photon energy in units of meV. At higher energies, when the photon wavelength becomes
smaller than the size of the nucleus, the photon interacts with substructures like quasi-deuterons. This
channel forms a plateau above about 30 MeV in the nucleus rest frame that extends up to the pion production
threshold at about 145 MeV [17].
Photo-hadronic interactions above the pion production threshold are then the dominant channels for the
production of cosmogenic neutrinos [17]. The left panel of Fig. 1 shows the interaction rate of UHE CR
protons. The rapidly increasing rates at energies around5 × 1010 GeV are due to resonances with CMB
photons, in particular p + γ → Δ(1232) → n + π+. At higher energies multi-pion production becomes
relevant which forms a plateau in the cross section. In the case of UHE CR nuclei we can approximate the
energy loss from photo-nucleon interactions above pion production threshold as bA,γπ(E)  Abp,γπ(E/A).
The resonant pion production of UHE CR protons as well as the GDR of UHE CR nuclei with CMB
photons both peak at energies of a few 1010 GeV. Hence, independent of the chemical composition of UHE
CRs we expect a cutoﬀ (or break) in the ﬂux of UHE CRs around EGZK  50 EeV as ﬁrst pointed out by
Greisen, Zatsepin and Kuzmin (GZK)[5, 6]. In fact, various experiments have identiﬁed a break in the UHE
CR spectrum at these energies with high conﬁdence [18, 19].
The source term in Eq. (1) is typically decomposed in the formLi(z, E) = H(z)Qi(E), whereH accounts
for the combined source luminosity and density evolution and Qi(E) denotes the spectral emission rate of
particles i from an individual source. A conservative choice (for the production of cosmogenic neutrinos)
would consider evolution following the star-formation rate (SFR) [20, 21]HSFR(z) ∝ (1 + z)ni with n1 = 3.4
for z < 1, n2 = −0.3 for 1 < z < 4 and n3 = −3.5 otherwise. However, in the following we will also consider
less and more optimistic evolution scenarios followingH ∝ (1+ z)nΘ(max− z) with zmax = 2 and 0 < n < 5.
For the emission rate we assume Qi ∝ E−γ exp(−E/Emax) unless otherwise stated.
The spectrum and chemical composition of UHE CRs as well as the evolution of their sources are the
dominant systematic uncertainties for the prediction of cosmogenic neutrinos. We will discuss the expected
contribution in the next section.
3. Cosmogenic Neutrinos
The photo-hadronic interactions with the radiation backgrounds that dominate the interactions at the
highest energies are also the source of high-energy cosmogenic neutrinos and γ-rays [25]. Mesons (mostly
pions) produced in these interactions decay via π+ → μ+ + νμ and μ+ → e+ + νe + ν¯μ and the charged
conjugate processes. The total ﬂux of neutrinos depends on the source spectrum, composition and evolution.
In general, lighter compositions and larger maximal energies with hard spectra (γ  2) predict higher
cosmogenic neutrino ﬂuxes since the pion production threshold scales with atomic mass number. Since the
UHE CR spectrum at the highest energies can only receive contributions from local sources (r  200 Mpc)
a strong redshift evolution of the sources with an increased contribution to neutrinos is also feasible. In
fact, the “dip”-model [26, 27, 28] explains the CR ankle via the Bethe-Heitler energy loss dip of UHE CR
protons (see Fig. 1) and predicts a particularly strong contribution to cosmogenic neutrinos.
However, in strong evolution models one also expects a large contribution to γ-rays. The extra-galactic
γ-ray background in the GeV-TeV inferred by Fermi-LAT [24] sets an upper limit of the energy density of
cosmogenic neutrinos [29]. The high energy γ-ray, electrons and positrons from pion production initiate
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Fig. 2. Examples of the contribution of cosmogenic neutrinos and γ-rays for two cases of pure-proton and pure-iron sources (from
Ref. [22]). The left panel shows the total spectrum in comparison to experimental data. Note, that in both cases the contributions below
the CR ankle have to be supplemented by an additional component, possibly Galactic sources. In the right panel we show the cascades
γ-rays (dashed) and cosmogenic neutrinos (dotted) in comparison with an experimental limit from IceCube [23] and the diﬀuse γ-ray
background inferred by Fermi-LAT [24]. The energy density of the cosmogenic contributions contributions diﬀer by two orders of
magnitude and illustrate the strong model dependence.
electro-magnetic (EM) cascades in the CMB via repeated pair production and inverse-Compton scatter-
ing [13, 30]. The interaction rates of these processes with the CMB and the infra-red/optical background
are shown in the right panel of Fig. 1. The EM cascades are calorimetric and shift the total EM energy into
sub-TeV γ-rays. A detailed description of this process and the solution of the cascade equations is given,
e.g., in Ref. [8]. The overproduction of secondary EM emission is also one reason why the recent IceCube
observation [31] of cosmic neutrinos in the TeV-PeV energy range can not be explained via a cosmogenic
scenario [32].
The left panel of Fig. 2 shows two examples of proton and iron sources with very diﬀerent evolution
models [22]. Both models assume a spectral index γ = 2.3 and rigidity cutoﬀ Emax/Z = 1020.5 eV, but
the evolution index is n = 5 for the proton and n = 0 for the iron model. Both models can account for
UHE CRs above the ankle. However the cosmogenic ﬂuxes of neutrinos and also γ-rays shown in the right
panel of Fig. 2 are very diﬀerent. Whereas the proton model saturates the Fermi-LAT γ-ray background
and IceCube neutrino limits, the contributions from the iron model are about two orders of magnitude
lower and practically undetectable. Cosmogenic neutrinos have been studied by various authors for the
case of pure-proton models [25, 33, 34, 35], including also the Fermi-LAT bound [36, 37] and also heavy
nuclei [38, 39, 40, 41, 42].
Cosmogenic neutrino ﬂuxes are one of the benchmarks for high-energy neutrino observatories. The
detection or upper limits on this contribution can provide valuable information about the composition of
UHE CRs and hence the possible sources. For this it is important to get a general estimate about the
minimal contribution to neutrinos for a given UHE CR model. Such a minimal contribution was derived in
Ref. [22]. The idea here is that instead of parametrizing the neutrino ﬂux in terms of the initial chemical
composition at the source (an information that gets rapidly washed out by GDR cascades) one can instead
estimate the neutrino contribution form the observed composition.
Photo-disintegration (approximately) conserves the Lorentz boost of the secondary nuclei and hence the
energy per nucleon. The relevant quantity for the production of cosmogenic neutrinos is hence the UHE CR
nucleon spectrum which can be estimated from the inferred chemical composition of UHE CR data. The
contribution to cosmogenic neutrinos is (mostly) independent of the question if the observed nucleus was
itself emitted from a distant source or if it was part of a heavier nucleus at an earlier stage of its propagation,
as long as the propagation distance is the same. This invariance is only approximate, in particular due to the
Z2 scaling of the Bethe-Heitler energy loss, but one can derive a lower limited on cosmogenic neutrinos in
this case [22].
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Fig. 3. Left panel: Minimal ﬂux of cosmogenic neutrinos assuming dominance of protons above 4 EeV (from Ref. [22]). We show
the results without source evolution (dotted) and assuming source evolution according to the star formation rate (solid). Also shown
are the projected sensitivities of IceCube (10 years) and the ARA-37 (3 years) as dashed lines. The thick dashed-dotted line shows the
approximation of the Auger spectrum above the ankle. For comparison, we also show the bestﬁt cosmogenic neutrino ﬂux (green solid
line) from Ref. [36] (Emin = 1018.5 eV) including the 99% C.L. (green shaded area) obtained by a ﬁt to the HiRes spectrum. Right
panel: Minimal ﬂux of cosmogenic neutrinos assuming dominance of protons, helium, nitrogen, silicon or iron in UHE CRs above
4 EeV (from Ref. [22]). We show the results without source evolution (dotted) and assuming source evolution according to the star
formation rate (solid).
The left panel of Fig. 3 shows the minimal expected ﬂux from pure-proton models assuming the evolu-
tion according to the SFR (solid red) and no evolution (dotted red). The prediction is minimal in the sense
that the cosmogenic neutrino production is only based on the Auger spectrum above 4 EeV indicated by
the black dashed-dotted line. One can see that the proposed Askaryan Radio Array (ARA) [43] in the 37
station conﬁguration (“ARA-37”) has the sensitivity to reach the minimal cosmogenic neutrino emission of
pure-proton models following evolution with the SFR after three years of observation.
The green line in the left panel of Fig. 3 shows the bestﬁt cosmogenic neutrino ﬂux obtained by a ﬁt to
the HiRes spectrum assuming a lower CR cutoﬀ at Emin = 1018.5 eV [36]. The green-shaded area shows the
99% conﬁdence level (CL). One can see that this prediction is in reach of the IceCube observatory (“IC-86”)
within ten years of observation. In fact, recent results of the IceCube collaboration [44] already constrain
more optimistic cosmogenic neutrino predictions of pure-proton models.
The right panel of Fig. 3 shows in comparison the minimal contribution for heavy nuclei following the
recipe of Ref. [22]. The cosmogenic neutrino contribution is much lower than the proton case for larger
masses. As discussed earlier, this is simply due to the fact that the energy threshold for pion production
increases with atomic mass number. Note that the diﬀerent mass groups correspond to the observed com-
position of CRs that should be very diﬀerent from the intrinsic composition at the source. For instance, a
pure-iron source will produce an UHE CR spectrum with many diﬀerent lighter components. In this case,
the lower limits shown in the plot can be combined via the observed mass composition and the lighter
components will dominate the lower limit [22].
4. Conclusion
Cosmogenic neutrinos are guaranteed messengers of UHE CR interactions with cosmic radiation back-
grounds. The detection of these neutrinos is one of the main goals of neutrino observatories. Present neutrino
limits from IceCube already exclude the most optimistic scenarios of pure-proton models. Proposed future
neutrino observatories like the Askaryan Radio Array will also be in reach of less optimistic predictions, in
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particular from UHE CR models involving heavy nuclei. In this way, neutrino astronomy can provide an
additional constraint on possible UHE CR scenarios and help to identify their origin.
The recent observation of high-energy TeV-PeV neutrinos by the IceCube observatory has opened a
new window to the Universe. Whereas the origin is unknown, it is unlikely that it is related to the ﬂux of
cosmogenic neutrinos. The cosmic optical/ultra-violet backgrounds are too low for a suﬃcient production
of neutrinos in the PeV range. Besides, the simultaneous production of electro-magnetic radiation during
the propagation of UHE CR protons would overproduce GeV-TeV γ-rays, in conﬂict with the extra-galactic
γ-ray background inferred by Fermi-LAT.
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